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Abstract 
Experiment was carried out to investigate the influence of position of immersed coil heat exchanger inside a storage tank on the 
charging and discharging performance of hot water tank. Discharging efficiency and charging efficiency were introduced to 
evaluate the performance of hot water tank. The experiment results showed that the discharging efficiency increased with the 
rising of the coil position. When the flow rate was 5L/min, the discharging efficiency of the tanks with top-coil was higher 5% 
and 13.1% than that of the middle-coil tank and bottom-coil tank respectively. The gap of the discharging efficiency of tank with 
different position HX (heat exchanger) reduced with the increasing of the flow rate. However, the charging efficiency reduced 
with the rising of the HX position. Numerical simulation was carried out to analyze the annual performance of SWHS (solar 
water heating system) with different position HX by TRNSYS. The simulation results indicated that the SWHS had the lowest 
annual solar fraction and annual collector efficiency when the HX was on the top level of tank. The annual performance of 
SWHS was greatly affected by charging performance. So the solar fraction had the same trend with charging efficiency.  
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1. Introduction 
Solar water heating system (SWHS) has been widely used around the world. There is still something to do to 
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improve the performance of SWHS yet. There are many ways, such as improving the thermal stratification of 
storage tank, enhancing the performance of collector, optimizing the controller and so on, to improve performance 
of the SWHS. Optimizing the hot water tank structure and enhancing the immersed heat exchange performance is 
one of the best ways to improve performance of SWHS. 
Currently, a lot of theoretical and experimental research about the performance of the coil heat exchanger built in 
the hot-water tank has been carried out by many researchers. Yan Su [1, 2] et al developed a computational fluid 
dynamic model for a thermal storage tank with an immersed coiled tube heat exchanger and analysed the transient 
heat transfer characteristics of coiled tube heat exchanger with different configuration, the mixed convection Nusselt 
number with the simple baffle is on average 8% greater than that without a baffle for RaD,0=1.8h1010. The complex 
baffle lowers the NuM about 50% compared to the simple baffle. A TRNSYS simulation model was developed by 
Roman Spur to study the behaviour of a novel stratified-store and validated against measured data [3]. Results 
showed that the inner configurations of the tank and the immersed heat-exchangers significantly affected the 
performance of heat storage process. Jayanta Deb Mondol experimentally investigated the performance of a novel 
heat exchanger unit (‘Solasyphon’) developed for a solar hot water system. The results showed that the 
‘Solasyphon’ system is more effective compared with a traditional twin-coil system for a domestic application 
where intermittent hot water demand was predominant under a transient solar input particularly on intermediate or 
poor solar days [4, 5].  
András Zachár numerically investigated temperature stratification of hot water tank with a new tube-in-tube 
helical flow distributor [6]. The results showed that velocity field induced by buoyancy inside the helical flow 
distributor has a significantly secondary flow field. Vishard Ragoonanan[7] divided an indirect thermal storage vessel 
into two storage compartments with the heat exchanger placed in series within the compartments .  The divided 
storage delivered a maximum of 11% more energy than the undivided storage. An experimental and numerical 
investigation of the thermal behaviour of mantle tanks with different positions of the mantle inlet was performed by 
S Knudsen and S Furbo[8]. The experiment result showed that the SDHW system with the lower mantle inlet had a 
little higher thermal performance in the test period. 
Long-term performance of SWHS has been studied by many researchers. A model for forced indirect cycle solar 
hot water system applied in hot summer and warm winter area was established based on simulation software 
TRNSYS by Zhiyong Zhou[9] to analyse the impact of heat exchanger coil area on the average efficiency of  SHWS. 
The result showed that the coil area had greater impact on solar hot water system in winter than that in summer.      
Y. C. Soo Too[10] studied the performance of narrow-gap vertical mantle heat exchangers with a two-pass 
arrangement for use in pumped-circulation solar water heaters by TRNSYS. The annual solar contribution of a 
system with a mantle heat exchanger was lower than tank of a direct-coupled system. A. Carrillo Andres and J. M. 
Cejudo Lopez [11] developed a new TRNSYS model for solar domestic water heaters from Type 45 and 38. Results 
of new model are in accordance with experimental data. Han Yanmin and Wang Ruzhu et al [12] investigated the 
performance by TRNSYS. Different types of solar collectors, collector areas, volumes of storage tank and flow rates 
are compared in the TRNSYS model and to optimize the SWHS. 
In the aspect of optimizing performance hot water tank, the existing literatures focus on the coil structure, inlet 
and outlet flow rater, etc. and there is few study on the influence of the position of HX on the thermal performance 
of the SWHS. The present work aims to investigate the effect of immersed HX locations on the thermal performance 
of water tank and also the annual performance of the SWHS. 
2. Experimental setup 
2.1. Test facility 
A test facility was established to compare the performance of SHWS with different coil position. The experimental set 
up is shown in Fig.1. The hot water tank is a cylinder tank with a volume of 125L. The thickness of insulation is 
0.05m. The inlet and outlet are in the center of bottom and top of the tank. The parameters of water tank and coil HX 
are list in the Table 1.There are ten temperature measure points in the tank to measure the temperature of different 
layers. The distance between two adjacent points is 0.1m as shown in the Fig.1. The temperatures of inlet /outlet of 
coil HX and water tank were also measured.  
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Fig. 1. Experimental setup of energy storage water tank.
Table 1. The parameters of coil HX and water tank.
Tank
Diameter˄m˅ 0.4
Height˄m˅ 1
Inlet Diameter˄m˅ 0.0192˄DN20˅
Outlet Diameter˄m˅ 0.0192˄DN20˅
Coil HX
Height˄m˅ 0.3
Internal/External
Diameter˄m˅ 0.01/0.012
Circle Diameter˄m˅ 0.3
Length˄m˅ 15
HX position(Inlet/Outlet)
(m)
Top      0.95/0.65
Middle 0.65/0.35
Bottom 0.35/0.05
2.2. Charging process
The initial temperature of every layer in water tank was kept at 14f0.5ć. Close the valve F2 and start coil
heating cycle, the temperature was set to 60f0.5ć, the flow rate was 2.67 L/min, the water inside the tank was
heated by the coil HX. Currently, in SWHS, a solar controller starts the pump when the difference between the
temperature of water at the bottom of the tank and the heat transfer fluid at the outlet from the collector exceeds 5ć.
And the pump will be shut down when the temperature difference less than 5ć. In the present work, during the
charging process, when the charging time is 7200s, the temperature difference between the coil inlet and outlet is
less than 3ć and the drive force for heat exchange between coil HX and water tank is quite small. So the charging
time is set to 7200s. Changing the coil position, and repeat the experiment for charging.
2.3. Construction of references
At the beginning of discharging process, the tank water was heated to 60f0.5ć. Close the valve F3 and F6,
open other valves and turn on the electric heater and circulating pump. The hot water flow through, the coil HX and
flowmeter L1, then back to the electric heater, At the same time, the cold water flow into the tank, and the hot water
was released from the outlet. Changing the coil position, and repeat the experiment for charging.
Thermocouples used in the experiment were T-type manufactured by Omega and was calibrated before the
experiment. The accuracy is f0.1 ć. The water flowmeters were glass rotameter. The measuring range flowmeter
L1 is 0.16m3 / h, 1.0m3 / h for L2, both flowmeter’s accuracy class are 1.5. The temperature was collected by data
logger Agilent 34970A; temperatures were measured every 4 seconds.
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3. Energy performance analysis  
3.1. Charging efficiency  
At the initial time, the tank is filled with low-temperature water and the temperature of every layer was 
unanimous. The high temperature water flows through the coil HX to heat the cold tank water during the charging 
process. Keeping the coil inlet temperature constant. The average temperature of tank water at τs is   
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Where tj(τs) is the temperature of layer j at τs; N is the number of layers in vertical direction. 
Charging efficiency was introduced to analyze the charging performance of water tank. The charging efficiency 
is defined as the ratio of the actual average temperature rise to the maximum temperature difference and expressed 
as 
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Where te,i(τs) is the coil inlet temperature at τs , ć; tev,0 is the initial average temperature of tank water, ć. 
3.2. Discharging efficiency 
Discharging efficiency was introduced to analyze the performance of discharging at different flow rate. The 
discharging efficiency was defined as the ratio of energy released to the initial energy stored.  
Dimensionless discharging time (θd) is defined as 
usestuse vV / W                                                                                                                                                   (3) 
usedd WWT /                                                                                                                                                      (4) 
Where Vst is the water tank volume, m3; vuse is the flow rate during discharging, m3/s; τuse is the whole scale of 
discharging time, s; τd is the discharging time. 
The initial energy stored inside the water tank is 
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Where ρ is the water density, kg/m3; cp is the specific heat of water, 4.18 kJ/(kg·ć); tj(τd=0) is the water 
temperature of layer j at τd=0, ć; td,i is the inlet temperature of water tank, ć; Vj is the volume of layer j, m3. 
During the discharging process, the energy released within τd is  
, ,0
( ) ( ( ) )dd d use p d o d d iQ v c t t d
WW U W W ³                                                                                                     (6) 
388   Shuhong Li et al. /  Energy Procedia  48 ( 2014 )  384 – 393 
Where td,o(τd) is the tank outlet temperature at τd, ć; 
The outlet temperature td,o(τd) is measured by thermal couples and the data is discrete. The data measure interval 
is Δτ. During the period of τd , the number of measurement is k = τd /Δτ, the energy released may be expressed as  
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The heat exchange between coil HX and tank water is  
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Where te,i(τd) is the inlet temperature at τd, te,o(τd) is the inlet temperature at τd, ć. 
The discharging efficiency of the discharging process is  
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4. Experiment result and discussion 
4.1. Analysis of charging performance  
The temperature of layer 1, layer 5 and layer 10 were taken to analyze the performance of charging. Fig.2 shows 
the bottom-coil tank has a smaller thermocline. The temperature distance between layer1 and layer10 is relatively 
smaller. However, for the middle-coil tank and top-coil tank, the temperature differences between layer 1 and layer 
10 are bigger than that of bottom-coil tank. At the end of charging process, the temperature of layer 1 of bottom-coil 
tank, middle-coil tank and top-coil tank is 55.2ć, 58.1ć and 58.5ć respectively.  
Fig.3 shows the average temperature of bottom-coil tank is much higher than that of middle-coil tank and top-coil 
tank. At the end of charging process, the average temperature of bottom-coil tank, middle-coil tank and top-coil tank 
is 55.2ć, 46.6ć and 36.4ć. The distance of average temperature between bottom-coil tank and top-coil tank is 
18.8ć. 
 
Fig. 2. Water temperatures at different layers during the charging. 
The charging efficiency of water tank with different position coil HX is shown in the Fig.4. The charging 
performance of bottom-coil water is better than middle-coil tank and top-coil tank. When the coil HX is at the lower 
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part of water tank, the average temperature of water tank is much higher. The effects of natural convection is strong, 
then enhanced the heat exchange between coil HX and tank water. The natural convection heat transfer effect 
reduced when the coil HX at the upper part of water tank. And led to a lower temperature at bottom of tank, the 
energy stored is less than bottom-coil tank. The charging efficiency of bottom-coil tank, middle-coil tank and top-
coil tank is 89.5%, 70.8% and 48.6%. 
 
  
Fig. 3. Average temperature of tank during the charging.            Fig. 4. The charging efficiency of water tank. 
4.2. Analysis of discharging performance 
Fig.5 shows the outlet temperature of middle-coil and top-coil tank is much higher than bottom-coil tank. When 
flow rate is 5L/min, at the end of discharging process, the outlet temperature of bottom-coil tank, middle-coil tank 
and top-coil tank is 37.5ć, 41.5ć and 42.7ć, respectively. The outlet temperature decreased with the increasing of 
flow rate. When the flow rate is at 15L/min, the outlet temperature of bottom-coil tank, middle-coil tank and top-coil 
tank is 27.4ć, 28.3ć and 28.7ć. 
  
Fig. 5. The outlet temperature during discharging at different flow rate. Fig. 6. The discharging efficiency of water tank with different 
position coil at different flow rate. 
Fig.6 shows the discharging efficiency of top-coil tank is higher than middle-coil tank and bottom-coil tank when 
the flow rate is identical. When the flow rate is 5L/min, the discharging efficiency of bottom-coil tank, middle-coil 
tank and top-coil tank is 73.8%, 81.9% and 86.9%, respectively. The discharging efficiency of top-coil tank is 13.1% 
and 5% higher than that of bottom-coil tank and middle-coil tank. As the flow rate increases, the distance among 
different position coil tank gradually reduced. When the flow rate is 15L/min, the discharging efficiency of bottom-
coil tank, middle-coil tank and top-coil tank is 71.6%, 73.1% and 76.8%, respectively.  
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The charging performance decreased with the rising of coil HX position while the discharging performance 
increased with the rising of coil HX position. Thus, the heat exchanger should be located to take advantage of the 
greatest difference between the temperature of the storage fluid and the temperature of the fluid flowing through the 
heat exchanger [13]. In order to analyze the long-term performance of SWHS, Annual simulations of the solar water 
heater system with different coil HX position were carried out to analyze the effect of coil HX position on the 
performance of SWHS. 
5. Annual simulation of SWHS 
5.1. TRNSYS models 
A model was developed to analyze the effect of coil HX position on the performance of SWHS in TRNSYS. 
Shanghai meteorological data was adopted. The TRNSYS model consists of storage tank, solar collector, pump and 
other auxiliary control modules. The TRNSYS model is shown in the Fig.7 
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Fig. 7. TRNSYS information flow diagram for the forced circulation solar water heating systems. 
A storage tank module (Type 60) was set to meet the need for different coil HX position [14]. The flat-plate 
collector was selected (Type 1). The hot water demand profile employed was the EU reference(EU M324EN) 
tapping cycle number 3, featuring 24 draw-offs with the energy output of 11.7 kWh equivalent to a total volume of 
200L at 60ćdaily [15]. Fig.8 shows the volume of hot water draw-off at different times of the day. 
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Fig. 8. Volume of hot water draw-off at different times of the day. 
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5.2. Definition of collector efficiency, solar fraction  
The solar fraction is the ratio of solar heat yield to the total energy requirement for water heating, and was 
calculated as [15] 
auxsys
sys
QQ
Q
SF                                                                                                                                          (10) 
Where, Qsys is solar heat yield to the total energy requirement, kJ. The Qsys is expressed as 
, ,0
( ( ) ( ))sys m p e i e oQ q c t t d
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Where, qm is the mass flow rate of coil HX, kg/s; τ is the time of heat exchange, s; te,i(τ), te,o(τ) are the coil HX 
inlet and outlet temperature at τ, ć. Qaux is the heat provided by auxiliary electric heater, kJ. 
 Collector efficiency is defined as the ratio of the heat collected by solar collector to the total solar irradiation. 
The equation is expressed as  
³ W WWK 0 )( dGA
Q
c
c
c                                                                                                                                        (12) 
Where, Qc is the heat collected by collector, kJ; and Qc is calculated by Equation (13) 
, ,0
( ( ) ( ))c m p c o c iQ q c t t d
W W W W ³                                                                                                         (13) 
Where, qm is the mass flow rate of collector, kg/s;  tc,i(τ) , te,o(τ) are the collector inlet and outlet temperature at τ, 
ć; Ac is collector area, m2; G(τ) is the solar irradiation at τ, W/m2. 
Heat released by the water tank is calculated as 
, ,0
( ( ) ( ))re m p tank o tank iQ q c t t d
W W W W ³                                                                                                   (14) 
Where, qm(τ) is the mass flow rate of  inlet of water tank, kg/s; ttank,i(τ) , ttank,o(τ) are the water tank inlet and outlet 
temperature at τ, ć. 
6. Simulation result and discussion 
6.1. Energy analysis 
Annual simulation was carried out to analyze the performance of SWHS with different position coil by TRNSYS. 
The time step is 0.01h. The data collected once every 0.5h. The accumulated simulation time is 8760h (1 year). The 
annual heat variations of SWHS are shown in the Table 2. 
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Table 2. Annul heat variation of SWHS.   Unit: MJ 
Heat Bottom-coil SWHS 
Middle-coil 
SWHS 
Top-coil 
SWHS 
Annual heat released 10499 10458 10451 
Annual coil heat exchanged 4591 3019 1646 
Annual auxiliary heat 6301 7786 9130 
The annual heat released almost kept the same with the rising of HX position. The annual coil heat exchanged 
decreased with the rising of HX position while the annual auxiliary heat had the opposite trend. There was the 
maximum annual HX heat exchanged when the coli HX at the bottom of hot water tank and is 2945MJ more than 
that of top-coil SWHS. And the auxiliary heat was 2829MJ less than that of the tank with HX at the top. The energy 
saved by the bottom-coil SWHS is 31% less than top-coil SWHS.  
6.2. Efficiency analysis 
Fig.9 shows the variation of annul solar fraction and collector efficiency. Annual solar fraction and collector 
efficiency decreased with the rising of HX position. Therefore, the solar water heater system had a worse 
performance when the coil HX at upper part of hot water tank. The maximum annual solar fraction and maximum 
collector efficiency are 42.2% and 31.4%, and they were occurred when the coil HX at the bottom of tank. 
 
 Fig. 9. The solar fraction and collector efficiency of SWHS. 
The annual performance of solar water heater system largely relied on the charging performance of hot water 
tank and load to user. The HX position greatly affected the natural convective heat transfer. It’s better to have the 
HX at the bottom of water tank during the charging. The charging performance decreased with the rising of HX 
position in the tank, then led to lower annual performanceülower solar fraction and lower collector efficiency.  
7. Conclusions 
Experiments were carried out to study the charging and discharging performance of storage tank with different 
position coil HX at different flow rate. The discharging efficiency and charging efficiency were introduced to 
evaluate the performance of discharging process and charging process. Annual simulation was also carried out to 
analyze the long-term performance of SWHS with different position coil HX. The conclusions are as follows. 
(1) The charging performance decreased with the rising of coil HX position. At the given condition, the charging 
efficiency of bottom-coil tank, middle-coil tank and top-coil tank is 89.5%, 70.8% and 48.6%. 
(2) The discharging performance increased with the rising of coil HX position. When the flow rate is 5L/min, 
the discharging efficiency of bottom-coil tank, middle-coil tank and top-coil tank is 73.8%, 81.9% and 
86.9%, respectively. 
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(3) The annual solar fraction and annual system efficiency of SWHS decreased with the rising of coil position. 
The SWHS had the best performance when the coil HX at the top of water tank. The annual auxiliary heat of 
bottom-coil SWHS was 2829MJ less than that of the tank with HX at the top.  The benefit provided by 
SWHS with bottom-coil was much larger. 
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